J Mater Sci: Mater Med (2006) 17:859-867
DOI 10.1007/s10856-006-9846-x

Specific response of osteoblast-like cells on hydroxyapatite

layer containing serum protein

Takashi Kizuki - Masataka Ohgaki - Shizuko Ichinose -
Satoshi Nakamura - Kazuaki Hashimoto -

Yoshitomo Toda - Yoshiyuki Yokogawa -

Kimihiro Yamashita

Received: 16 August 2004 / Accepted: 24 October 2005
(© Springer Science + Business Media, LLC 2006

Abstract Accelerations of bone-like apatite deposition and
cell growth on an electrically polarized ceramic hydroxyap-
atite have been reported. A relationship between these phe-
nomena was investigated in a previous report, and then it was
suggested that osteoblast-like cell’s (MC3T3-E1) growth had
relevance to the mineral growth. The effect of the formed ap-
atite layer especially appeared to be on the cell adhesion.
The acceleration of cell proliferation on the polarized HAp
has been shown using fibroblastic cell (L929) and nerve cell
(SK-N-SH) lines, therefore the effect of the layer on L929
and SK-N-SH was investigated to support the mechanism
of acceleration of cell proliferation by polarization of HAp.
In this study, the effect of the bone-like apatite layer was
not confirmed on 1929 cell’s growth. On the other hand, the
acceleration of nerve cell’s proliferation was confirmed on
the formed apatite layer. However, the remarkable improve-
ment of the cell adhesion of SK-N-SH was not confirmed
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on the apatite layer. Consequently, it was considered that
the bone-like apatite containing serum protein obtained by
the coprecipitation of bone-like apatite and serum protein
has a pronounced role only in the activity of osteoblast-like
cells.

1. Introduction

Cell attachment, adhesion, and spreading are the first phase
of the cell/biomaterial interaction, and influence the capacity
of cells to proliferate and differentiate on contact with the
implant [1-4]. Accordingly, surface character must be con-
sidered during the production of biomaterials to control the
interaction between the biomaterial and the tissue. To mod-
ify the biocompatibility of the surface, hydroxyapatite (HAp)
has been used in coatings in the dental and orthopedic fields
[5, 6]. Biomimetic and plasma-spraying techniques consti-
tute the prevailing coating methods used with HAp [7-9].
The biomimetic technique relies upon the formation of an
apatite layer on substrates within simulated body fluid (SBF)
with ionic concentrations nearly identical to those of human
blood plasma [10, 11].

An effective treatment of the HAp for improvement of
bioactivity was discovered. The HAp can be electrically po-
larized [12], and then the proliferation of osteoblast-like cells
(MC3T3-E1l) [13] is accelerated on the negatively charged
surface of the polarized HAp [14]. The effect of the polar-
ization was confirmed not only the proliferation of MC3T3-
El cells, but also other cell’s proliferation, mineral growth
[15, 16], bacteria growth [17], and osteoconductivity [18].
The relationship between these phenomena was investigated,
and it was suggested that the cell’s proliferation had relevance
to the mineral growth. The bone-like apatite growth was con-
trolled on the charged surface of the polarized HAp in SBF
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and cell culture medium. The growth behavior was related
to the cell proliferation with acceleration on a negatively
charged surface and deceleration on the positively charged
surface. The proliferation of MC3T3-El cells was signifi-
cantly accelerated on the bone-like apatite layer formed in the
culture medium supplemented with 10% FBS [19-21]. Fur-
thermore, all of the adherent MC3T3-E1 cells were closely
contacted to the apatite layer formed in culture medium with
FBS for 7 days. Accordingly, it was decided that the bone-
like apatite deposition was one of the factors responsible for
the acceleration of the MC3T3-E1 cell’s proliferation. The
acceleration of cell proliferation on polarized HAp had been
confirmed using fibroblastic cells (L929) [22] and nerve cells
(SK-N-SH) [23], therefore the effect of the layer on L929 and
SK-N-SH was investigated to support the mechanism of ac-
celeration of cell proliferation by polarization of HAp. In this
study, the normal HAp ceramic was used as a substrate to es-
timate the effect of the bone-like apatite except the effect of
the polarization.

The amount of the bone-like apatite with adsorption of
serum protein was lower than that of the bone-like apatite
without serum protein adsorption. Inhibition of the nucle-
ation of bone-like apatite by some proteins has been re-
ported [24-28]. However, a preparation of a large amount
of the bone-like apatite layer is desirable for activation of
MC3T3-El1 cells, because the effect of the bone-like apatite
layer clearly appeared to be increased with an increasing of
the amount of the layer. Therefore, in this study, the condi-
tion of the bone-like apatite layer formation was modified
to obtain the larger amount of the layer that should have
the greater cell activation in a short period, and then the
effect of the obtained layers on the growth of MC3T3-El
cells.

2. Materials and methods

2.1. Formation of bone-like apatite containing
serum protein

Hydroxyapatite slurry obtained by a precipitation reaction
was filtered and freeze-dried, and then calcined at 800°C in
air for 2 h. The single phase of the obtained HAp was verified
by X-ray diffraction (XRD; Phillips PW-1700) and infrared
spectroscopy (IR; Hitachi 1-2000). After pelletization by a
uni-axial press, the ceramic HAp was prepared by sintering
of the HAp pellet at 1250°C for 2 h under flowing H, O vapor.
The obtained ceramic HAp with a diameter of 11 mm had
96% relative density.

The ceramic HAp was sterilized by an autoclave. The ce-
ramic HAp was placed in a 24-well microplate with 2 ml per
well of -MEM (GIBCO™) supplemented with 10% FBS
(GIBCO™) for 3 days in an incubator containing 5% CO,
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in air at 37°C. It has already been reported that the bone-
like apatite containing serum protein on the ceramic HAp
was formed in «-MEM supplemented with 10% FBS for 3
days, and the formed layer showed greater cell adhesion and
proliferation of MC3T3-E1 [19-21]. After soaking, the spec-
imens were washed with 0.1 M phosphate buffer solution (pH
= 7.4). The surfaces of the formed layers on the soaked ce-
ramic HAp were observed by scanning electron microscopy
(SEM; Hitachi S-4500).

2.2. Culture of L929 and SK-N-SH cells

The responses of 1.929 cells and SK-N-SH cells on the bone-
like apatite containing serum protein were estimated. L929
cells and SK-N-SH cells were cultured in the culture media
supplemented with 10% FBS in an incubator containing 5%
CO, in air at 37°C respectively. Medium for the formation of
the bone-like apatite layer were drawn from each well, and
then 2 ml of suspensions of cells (1.929: 2.30 x 10* cells -
ml~!, SK-N-SH: 7.38 x 10* cells - ml~!) were divided into
the well of the 24-well microplate containing the samples.
After cultivation for 3 days, cell growth was estimated
by counting the adherent cells and by morphological obser-
vation. For cell counting, the adherent cells were separated
from the surface of each specimen using 1 ml of 2.5% trypsin
solution (GIBCO™). The same volume of culture medium
was added into the suspension to stop the trypsin treatment.
Then, the number of adherent cells was measured using a
hematocytometer (Erma, Tokyo). The cell cultivation was
carried out 2 times, and the standard deviation and statistical
evaluation of the cell count was calculated by using 8 data
(n = 8). Morphological observation of adherent cells was
carried out using SEM. Before SEM observation, adherent
cells were fixed by 2.5% glutaraldehyde solution (TAAB)
and 1% osmium tetroxide solution (Nissin EM Co. Ltd.) for
1 h respectively. The cells were dehydrated by ethanol (50—
100%) and dried with a critical point dryer after fixation. The
specimens were coated by Pt-Pd ion sputtering (Eiko IB-5).
The effect of the bone-like apatite containing serum protein
on cell growth was estimated by the comparison with the
cell’s responses on the ceramic HAp without the layer.

2.3. Formation of three types of bone-like apatites

The bone-like apatite layers were classified into three types
by the period of contact with the serum protein. Type-I layer
was formed in «-MEM supplemented with 10% FBS for
3 days, and it had been in contact with serum protein since
the beginning of the apatite deposition. Type-II layer was
formed in «-MEM without FBS for 3 days, and it did not
adsorb serum protein until the cell cultivation stage. Type-
IIT layer was formed by soaking for 2 days in «-MEM, and
then by soaking in FBS for 1 day. The base of this layer is
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bone-like apatite similar to the type-II layer, and its surface
is covered with the adsorbed serum protein.

2.4. Culture of MC3T3-E1 osteoblast-like cells

MC3T3-El cells were cultured in «-MEM supplemented
with 10% FBS in an incubator containing 5% CO, in
air at 37°C. The MC3T3-El cell suspension (1.17 x
10* cells-ml~!") was divided into the 24-well microplate
(2 ml/well) containing with the samples. After cultivation for
3 days, cell growth was estimated by counting the adherent
cells and by morphological observation. The cell cultivation
was carried out 2 times, and the standard deviation and sta-
tistical evaluation of the cell count was calculated by using
8 data (n = 8).

3. Results

3.1. Responses of 1.929 cells and SK-N-SH cells to the
bone-like apatite containing serum protein

The surface of the ceramic HAp as the substrate of the bone-
like apatite deposition is shown in Fig. 1 (a). Nano-size par-
ticles of the bone-like apatite containing serum protein were
deposited on the substrate by soaking in «-MEM with 10%
FBS for 3 days (Fig. 1 (b)). The morphology was similar to
that of previous report [19].

The number of adherent L929 cells on the ceramic HAp
was counted as 1.25 x 10° cells - ml™! (Fig. 2 (a)). The
number of adherent 1.929 cells on the bone-like apatite con-
taining serum protein was 1.16 x 10° cells - ml~!, and it
was estimated to be 7% lower than that on the ceramic HAp
(Fig. 2 (b)). However, the difference between these values
was not statistically significant difference in t-test (o > 0.1).
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Fig.1 SEM photographs of ceramic HAp and formed layers. The HAp
grain is clearly visible on the surface of the ceramic HAp (a). The bone-
like apatite containing serum protein was formed in «-MEM with 10%
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Fig. 2 Number of 1929 cells adhering after cultivation for 3 days, on
each surface. The ceramic HAp had 1.25 x 10° cells - ml~' adhering
(a). The bone-like apatite containing serum protein had 1.16 x 103
cells - ml~! adhering (b).

The morphology of the adherent L929 cells was polygonal-
shaped on the ceramic HAp (Fig. 3 (a)), while that on the
bone-like apatite containing serum protein was similar to
that on the ceramic HAp (Fig. 3 (b)). Both adherent cells
formed cell/cell junctions and these had not reached to con-
fluent state.

The number of SK-N-SH cells adhering to the ceramic
HAp was counted as 1.06 x 10° cells - ml~! (Fig. 4 (a)). The
number of adherent SK-N-SH cells on the bone-like apatite
containing serum protein was 1.19 x 10° cells - ml~!, and
it was estimated to be 12% greater than that on the ceramic
HAp (Fig. 4 (b)). A statistically significant difference was
confirmed between these values by t-test (o0 < 0.1). On the
ceramic HAp, SK-N-SH adhered and formed many colonies
(Fig. 5 (a)). On the other hand, the morphology of colonized
SK-N-SH cells on the bone-like apatite containing serum pro-
tein had not been confirmed because of the adherent SK-N-

St il {1 e f‘\"? 25 e b s TR
FBS for 3 days by a concerted reaction with the deposition of bone-like
apatite and the adsorption of serum protein; this appears as an aggrega-

tion of particles with diameters of 10-20 nm (b). (bar: 600 nm.)

@ Springer



862

J Mater Sci: Mater Med (2006) 17:859-867

N A NG : > “ ‘.'. : " i.F ]
_l".'?-"‘i‘.. s A e 6 - S
Fig.3 SEM photographs of L929 cells adhering to each surface. Evenly

distributed cells and junctions were observed on the ceramic HAp (a).
Cells adhering to the bone-like apatite containing serum protein are
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Fig. 4 Number of SK-N-SH cells adhering after cultivation for 3 days,
on each surface. The ceramic HAp had 1.06 x 10° cells - ml~! adhering
(a). The bone-like apatite containing serum protein had 1.19 x 103
cells - ml~! adhering (b).

Colonies of adherent cells were observed on the ceramic HAp (a). Many
exfoliations from the bone-like apatite containing serum protein was ob-

@ Springer

shown in (b). There was no remarkable difference in the cells adhering
to each surface. (bar: 100 wm.)

SH cells easily exfoliated from the bone-like apatite contain-
ing serum protein. Although cell exfoliation occurred on the
bone-like apatite containing serum protein, lamellipodia and
junctions were observed at a few survival cells (Fig. 5 (b)).

3.2. Effects of three types of bone-like apatites on
MC3T3-E1 cell’s growth

The bone-like apatites were deposited on the ceramic HAp
after soaking in culture media for 3 days. Surfaces of ceramic
HAp and bone-like apatite containing serum protein (type-I
layer) were shown in Fig. 1. On the sample soaked in «-
MEM, the bone-like apatite without serum protein (type-II
layer) took a network structure (Fig. 6 (a)). Although the base
of the bone-like apatite covered with serum protein (type-II1
layer) was type-II layer, the surface of the bone-like apatite
was modified by soaking in FBS. Its morphology was like
the type-II layer but with a filling of the holes (Fig. 6 (b)).

2 - |
served during preparation for SEM. Accordingly, only a few colonies
of adherent cells were observed (b). (bar: 100 pm)
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Fig. 6 SEM photographs of type-II layer (bone-like apatite without

serum protein (a)) and type-III layer (bone-like apatite covered with
serum protein (b)). The bone-like apatite was formed in «-MEM for

The thickness of the deposited type-II layer was sufficient to
measure, and it was more than 2 um (Fig. 7). However, the
thickness of type-I layer was insufficient to measure in cross
sectional SEM observation. Lines of EDS spectra clearly
showed the interface between the substrate and the formed
layer, and then the thickness of the type-I layer was measured
as 500 nm by EDS line analysis (Fig. 8).

The number of adherent MC3T3-E1 cells were 1.94 x 10*
cell - ml1), 2.22 x 10* cell - ml~!, 1.81 x 10* cell - ml~ !,

Fig.7 Photograph of the cross section of type-1I layer (bone-like apatite
without serum protein) formed in «-MEM for 3 days. The layer was
peeled off the ceramic HAp when a resin was poured, and then it was
fixed in the hardening resin. Thickness of the layer shown between
arrows was 2.8 pum.

&. g _‘.’:‘"' . ; '-n'. ! o oS
3 days. The base of the type-III layer was a type-II layer, and then the
surface of the bone-like apatite was covered with serum protein and
modified by soaking in FBS for 1 day. (Bar: 600 nm.)

and 1.94 x 107! cell - ml~! for ceramic HAp, type-I layer,
type-II layer, and type-III layer respectively (Fig. 9). The
largest number of adherent MC3T3-E1 cells was obtained
on the type-I layer where the relative number of adherent
cells on the type-I layer versus ceramic HAp was 114%. On
the other hand, the number of adherent MC3T3-E1 cells was
decreased on the type-II layer. The number of adherent cells
on the type-III layer was equal to that on the ceramic HAp
(Fig. 9 (d)). The type-I layer had a significant difference
compared with HAp substrate and type-II layer (p < 0.05).

Figure 10 shows the morphology of MC3T3-El1 cells ad-
hering to each surface. On the ceramic HAp, the adherent
MC3T3-El cells were observed to have polygonal shape
(Fig. 10 (a)). A remarkable difference in the morphology
of adherent MC3T3-El cells was observed on the type-I and
type-1I layer. All of the adherent MC3T3-El1 cells exhibited a
flat shape on the type-I layer (Fig. 10 (b)). On the other hand,
cells of spherical shape were observed on the type-II layer
(Fig. 10 (c)). These spherical cells easily came off the surface,
and the remaining cells on the surface were showing in this
photo. For the bone-like apatite covered with serum protein
(type-11I layer), the morphology of the adherent MC3T3-E1
cells was polygonal-shaped, similar to that on the ceramic
HAp (Fig. 10 (d)).

The vestige of the adherent MC3T3-El cells was con-
firmed on the type-I layer. Figure 11 shows the surface of the
type-I layer before and after cell adhesion. The morphology
of the type-I layer was changed by the cell adhesion.

4. Discussion

The bone-like apatite containing serum protein was formed
on the ceramic HAp by soaking in culture medium with 10%
FBS for 3 days. The soaking time was decided from a previ-
ous report, and it was adequate for activation of MC3T3-E1
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Fig. 8 EDS line spectra of the cross section of type-I layer (bone-like
apatite containing serum protein) formed in «-MEM supplemented with
10% FBS. The layer was detected in a crevice between ceramic HAp
and the hardening resin, and its thickness was measured to be 500 nm.

cells. However, the results on 1.929 cells were not similar
to that of MC3T3-El cells. Differences in the morphology
and proliferation of L929 cells were not observed between
the ceramic HAp and the bone-like apatite containing serum
protein.

The proliferation of SK-N-SH cells was increased on the
bone-like apatite containing serum protein. SK-N-SH cell
promptly connect with the surrounding cells, and then these
connected cells form a colony. The adhesion strength be-
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Fig. 9 Number of adherent MC3T3-El cells after cultivation for 3
days, on each surface. The ceramic HAp had 1.94 x 10* cells - ml~!
adhering (a). The bone-like apatite containing serum protein had 2.22 x
10* cells - ml~! adhering (b). The bone-like apatite had 1.81 x 10* cells
- ml~! adhering (c). The bone-like apatite covered with serum protein
had 1.94 x 10* cells - ml~! adhering (d). Asterisks indicated the result
of statistical evaluation. (*: p < 0.05, **: p < 0.1, without *: p > 0.1)

tween the cell and the substrate is weak. Accordingly, many
exfoliations were observed on bone-like apatite containing
serum protein because the colony formation was accelerated
with increasing number of cells on bone-like apatite contain-
ing serum protein. Nevertheless, the remaining cells were
well distributed over the bone-like apatite containing serum
protein. These results showed a small effect of the bone-like
apatite containing serum protein on SK-N-SH cell’s growth.

A difference in an effectiveness of the bone-like apatite
containing serum protein was discovered in three types of
cells. In a previous report, it was suggested that the forma-
tion of the bone-like apatite containing serum protein is re-
lated to the acceleration of MC3T3-E1 cell’s proliferation.
Similarly, it was considered that this relationship would be
applied to L.929 cells and SK-N-SH cells. However, the re-
sults of this report do not support the relationship on 1.929
cells and SK-N-SH cells. It was suggested that the cell be-
havior after adhesion made a difference to the cell growth on
the bone-like apatite containing serum protein. The phago-
cytosis of osteoblasts on bone tissue or biomaterials has been
reported [29]. The vestige of cell adhesion on the bone-like
apatite containing serum protein (type-I layer) was clearly
observed only on MC3T3-El1 cells. The surface of the vestige
of MC3T3-El cells seems to be the dissolved type-I layer. It
was suggested that the MC3T3-E1 cells dissolved the type-I
layer by phagocytosis. Accordingly, only the MC3T3-E1 cell
can make practical use of the internal part of the bone-like
apatite containing serum protein, which it does by gradually
invading the latter.

The importance of the adhesive protein that was adsorbed
within the bone-like apatite was demonstrated. The forma-
tion of the bone-like apatite presents an extensive adsorption
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Fig.10 SEM photographs of the MC3T3-E1 cells adhering to each sur-
face. The adherent cells were evenly distributed and formed junctions
on the ceramic HAp (a). The cells adhering to the bone-like apatite
containing serum protein had a flat shape, and closely contacted the

- s PN Tl N "? 7 A E.o o \ S

surrounding cells (b). Spherical adherent cells were observed on the
bone-like apatite (c). Adherent cells on the bone-like apatite covered
with the serum protein. These cells spread and formed junctions, look-
ing remarkably similar to those on the ceramic HAp (d). (bar: 100 p«m.)

Fig. 11 SEM photographs of the bone-like apatite containing serum
protein (type-I layer) before and after MC3T3-E3 cell adhesion. The
bone-like apatite containing serum protein was formed in «-MEM sup-
plemented with 10% FBS for 14 days (a). The morphology of the layer

had a network structure with long-term formation of the layer. After
adhesion of the MC3T3-E1 cells, the network-structure of the layer
disappeared (b). (bar: 300 nm).
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site for the adhesive serum proteins which, in turn, provide
a large quantity of adsorbed serum protein the function of
which promotes cell adhesion. The interaction between cy-
toplasmic constituents such as integrins on the membrane at
the site of cell adhesion and serum adhesive protein such as
fibronectin and vitronectin has an important role in cell ad-
herence [30-39]. It has been reported that bone-like apatite
enhances the selective adsorption of high molecular weight
proteins from serum, and that the adsorbed serum protein pro-
motes the subsequent adhesion of osteoblast-like cells [40].
The type-III layer that was bone-like apatite covered with
serum protein is, in a sense, an inorganic-organic composite,
and the aim of this method was to rapidly obtain a layer with
similar behavior to the type-I layer. The thick type-III layer
that was composed of bone-like apatite and serum protein
was obtained by a separate precipitation, and its morphology
and MC3T3-El1 cell’s response were not similar to those of
the type-I layer. The effect of the type-III layer on cell prolif-
eration was less than that of the type-I layer. It was revealed
that cell activation depends on the range of the serum protein
adsorption in the bone-like apatite. Finally, it is necessary
to distribute the serum protein all over the bone-like apatite
in order to provide an active substrate for the MC3T3-El
cells. Consequently, the bone-like apatite containing serum
protein obtained by the coprecipitation of bone-like apatite
and serum protein has a pronounced role in the activity of
osteoblast-like cells.

5. Conclusion

The relationship between the bone-like apatite deposition
and the cell growth was demonstrated on MC3T3-El1 cells in
previous report. However, the relationship was not applied to
L1929 cells and SK-N-SH cells. Although the mechanism of
acceleration of the cell proliferation was not demonstrated in
this study, it was considered that induced surface charge by
the electrical polarization of ceramic HAp directly affected
the cell proliferation.

On the other hand, a particular effect of the co-
precipitation of bone-like apatite and serum protein on
MC3T3-E1 cells was discovered. Bone-like apatite without
serum protein was effectively grown on the ceramic HAp,
but did not have a good effect on cell growth. On the other
hand, a bone-like apatite containing serum protein formed
by the concerted reaction between the deposition of bone-
like apatite and the adsorption of serum protein was favor-
able to cell proliferation and adhesion. The formation of the
bone-like apatite presents an extensive adsorption site for
adhesive serum proteins. MC3T3-El cells with phagocyto-
sis can make practical use of the internal part of the bone-
like apatite containing serum protein by virtue of their grad-
ual invasion thereof. It is necessary to distribute the serum
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protein all over the bone-like apatite for providing an ac-
tive substrate for the MC3T3-El cells, Consequently, the
bone-like apatite containing serum protein may well be ap-
plicable as a biomaterial with exceptional bone tissue com-
patibility. Moreover, an application of the bone-like apatite
containing serum protein as a substrate for bone tissue en-
gineering is possible, because the bone-like apatite contain-
ing serum protein can be formed on a material that we can
already successfully coat with HAp using the biomimetic
method.

Acknowledgements This work was partly supported by a Grant-in-
Aid for Scientific Research from the Ministry of Education, Culture,
Sports, Science and Technology of Japan; Contract grant number:
(B)#14350457 and JSPS Fellows #3406.

References

1. K. ANSELME, Biomaterials, 21 (2000) 667.

2.J. Y. MARTIN, Z. SCHWARTZ, T. W. HUMMERT, D.
M. SCHRAUB, J. SIMPSON, J. LANKFORD JR, D. D.
DEAN, D. L. COCHRAN and B. D. BOYAN, J. Biomed.
Mater. Res., 29 (1995) 389.

3. P. LINEZ-BATAILLON, F. MONCHAU, M.
BIGERELLE and H. F. HILDEBRAND, Biomol. Eng.,
19 (2002) 133.

4. D. D. DELIGIANNI, N. D. KATSALA, P. G.
KOUTSOUKOS, Y. F. MISSIRLIS, Biomaterials, 22 (2001)
87.

5.R. G. GEESINK, K. DE GROOTandC. P. KLEIN, J. Bone
Jt. Surg., 70 (1988) 17.

6. H. OONISHI, M. YAMAMOTO, H. ISHIMARU, E.,
TSUJI, S. KUSHITANI, M. ANONandY. UKON, J. Bone
Jt. Surg., 71 (1989) 213.

7. K. DE GROOT, R. G. GEESINK, C. P. KLEIN and P.
SEREKION, J. Biomed. Mater. Res., 21 (1987) 1375.

8. P. DUCHEYNE, W. VAN RAEMDONCK, J. C.
HEUGHEBAERT and M. HEUGHEBAERT, Biomaterials. 7
(1986) 97.

9. Y. KUROYAMA, H. AOKI, M. HIGASHIKATA, K.
YOSHIZAWA, S. NAKAMURA, M. OHGAKI, and M.
AKAO, J. Jpn. Soc. Dent. Mater. Dev., 12 (1993) 528.

10. T. KOKUBO, F. MIYAJI and H. M. KIM, J. Am. Ceram.
Soc., 79 (1996) 1127.

11. W. Q. YAN, T. NAKAMURA, M. KOBAYASHI, H. M.
KIM, F. MIYAJIand T. KOKUBO J. Biomed. Mater. Res., 37
(1997) 267.

12. K. YAMASHITA, K. KITAGAKIand T. UMEGAKIJ. Am.
Ceram. Soc., 78 (1995) 1191.

13. H. SUDA, H. A. KODAMA, Y. AMAGAI, S.
YAMAMOTO and S. KASAI, J. Cell Biol., 96 (1983) 191.

14. M. OHGAKI, T. KIZUKI, M. KATSURA and K.
YAMASHITA, J. Biomed. Mater. Res., 57 (2001) 366.

15. K. YAMASHITA, N. OIKAW and T. UMEGAKI, Chem.
Mat., 8 (1996) 2697.

16. H. TAKEDA and K. YAMASHITA, Trans. Mat. Res. Soc.
Japan, 25 (2000) 173.

17. M. UESHIMA, S. TANAKA, S. NAKAMURA and K.
YAMASHITA, J. Biomed. Mater. Res., 60 (2002) 578.



J Mater Sci: Mater Med (2006) 17:859-867

867

18

19.

20.

21.

22.

23.

24.

25.

26.

.S. NAKAMURA, T. KOBAYASHIand K. YAMASHITA,
J. Biomed. Mater. Res., 61 (2002) 593.

T. KIZUKI, M. OHGAKI, M. KATSURA, S.
NAKAMURA, K. HASHIMOTO, Y. TODA, S.
UDAGAWA and K. YAMASHITA, Biomaterials, 24 (2003)
941.

T. KIZUKI, M. OHGAKI, S. NAKAMURA, K.
HASHIMOTO, Y. TODA, S. UDAGAWA and K.
YAMASHITA, inProceedings of Asian BioCeramics symposium,
Korea, October 2002, p. 53-56.

T. KIZUKI, M. OHGAKI, S. NAKAMURA and K.
YAMASHITA, Kakubyo Gakkai Zashi, 69 (2002) 299.

K. K. SANFORD, W. R. EARLEand G. D. LIKELY, J.
Natl. Cancer Inst., 9 (1948) 229.

J. BIEDLER, L. HELSONand B. SPENGLER, Cancer Res.,
33 (1973) 2643.

K. L. KILPADI, P. L. CHANG and S. L. BELLIS, J.
Biomed. Mater. Res., 57 (2001) 258.

J. D. TERMINE, E. D. EANES and K. M. CONN, Calcif.
Tissue Int., 31 (1980) 247.

Y. LIU, P. LAYROLLE, J. DE BRUIJN, C. VAN
BLITTERSWIJK and K. DE GROOT, J. Biomed. Mater. Res.,
57 (2001) 327.

217.

28.
29.
30.
31.
32.
33.
34.

35.
36.

37.
38.
. K. M. YAMADA and K. OLDEN, Nature, 275 (1978) 179.
40.

H. B. WEN, J. R. DE WIJN, C. A. VAN
BLITTERSWIJK and K. DE GROOT, J. Biomed. Mater. Res.,
46 (1999) 245.

A. P. SERRO, A. C. FERNANDES, B. SARAMAGO, J.
LIMA and M. A. BARBOSA, Biomaterials. 18 (1997) 963.

B ALLIOT-LICHT, M. GREGOIRE, I. ORLY and J.
MENANTEAU, Biomaterials, 12 (1991) 752.

E. LAZARIDES and K. BURRIDGE, Cell, 6 (1975) 289.

B. GEIGER, Cell, 18 (1979) 193.

K. BURRIDGE, L. MOLONY and T. KELLY, J. Cell Sci.
Suppl., 8 (1987) 211.

G. SCHNEIDER and K. BURRIDGE, Exp. Cell Res., 214
(1994) 264.

J. W. DEAN 3rd, K. C: CULBERSON and A. M.
D’ ANGELO, Int. J. Oral Maxillofac. Implants. 10 (1995) 721.
F. GRINNELL, Exp. Cell Res., 97 (1976) 265.

L. HENCH, in “Bioceramics: Material characteristic versus in
vivo behavior” (Annals NY Acad. Sci., New York, 1988) p. 54.
R. O. HYNES. Biochim. Biophys. Acta., 458 (1976) 73.

E. PEARLSTEIN, Nature, 262 (1976) 497.

A. EL-GHANNAM, P. DUCHEYNEandI. M. SHAPIRO,
J. Orthop. Res., 17 (1999) 340.

@ Springer



